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E-mail address: yyoneda@anat3.med.osaka-u.ac.jpSeveral mRNAs are known to be targeted to dendrites in hippocampal neurons. In this study, we
show that brain-derived neurotrophic factor (BDNF) mRNA has two distinct cis-acting dendritic tar-
geting elements in the short 30 untranslated region (UTR): a constitutive element and an activity-
dependent one. Moreover, deletion of serial cytoplasmic polyadenylation element (CPE)-like
sequences in the short 30UTR suppressed both constitutive and activity-dependent dendritic target-
ing. In addition to the interaction with cytoplasmic polyadenylation element binding protein-1
(CPEB-1), depolarization enhanced CPEB-1 recruitment to the activity-dependent targeting element.
These results suggest that CPE-like sequences are involved in the activity-dependent as well as con-
stitutive dendritic targeting of BDNF mRNA.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In neurons, activity-dependent mRNA targeting establishes cer-
tain forms of synaptic plasticity through new local protein synthe-
sis in dendrites, and it is critical for proper responses to
extracellular stimuli [1,2]. In support of this idea, it has been dem-
onstrated that the components of translational machinery, includ-
ing polyribosomes [3], translation factors, ribosomal RNAs, tRNAs,
endoplasmic reticulum, and the Golgi apparatus, are present in
dendrites [4], and local protein synthesis has been observed in iso-
lated dendrites [5]. Certain mRNAs are also selectively localized to
dendrites, and targeting of such mRNAs is a prerequisite for local
protein synthesis. Recognition of cis-acting elements in mRNAs
by trans-acting RNA binding proteins is thought to underlie selec-
tive mRNA targeting. While several cis-acting dendritic targeting
elements (DTEs) have been identiﬁed in dendritic mRNAs [6–9],
only a few trans-acting RNA binding proteins are known [10,11].chemical Societies. Published by E
ic factor; UTR, untranslated
ytoplasmic polyadenylation
nt binding protein-1
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(Y. Yoneda).Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin family, and it plays critical roles in neuronal survival,
differentiation, and synaptic plasticity [12]. BDNF also contributes
to local translational control in dendrites [13]. Although it was re-
cently shown that its mRNA exhibits a somatodendritic distribu-
tion [14–16], the substantial cis-elements are unclear. In this
study, we identiﬁed a constitutive targeting element and an activ-
ity-dependent targeting element in BDNF mRNA. Furthermore, we
found that CPE-like sequences in the short 30 untranslated region
(UTR) are required for both constitutive and activity-dependent
targeting of BDNF mRNA and behave as intrinsic cis-element in
hippocampal neurons. In vitro binding analysis revealed that
cytoplasmic polyadenylation element binding protein-1 (CPEB-1)
directly binds to both targeting elements. Moreover, KCl-
depolarization increased CPEB-1 interaction only with the activ-
ity-dependent targeting element. These ﬁndings suggest that
CPEB-1 may play some role in the activity-dependent as well as
constitutive targeting of BDNF mRNA.
2. Materials and methods
2.1. Cell culture and transfection
Primary hippocampal neuron cultures were prepared from
embryonic day 18 Wistar rat brains as described previously [17].lsevier B.V. All rights reserved.
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ing 2% B27 supplement (Invitrogen), 1% Antibiotic–Antimycotic
(Invitrogen), and 1% GlutaMAX™-I Supplement (Invitrogen) and
maintained in an incubator with 8% CO2. Twelve days after plating,
transient transfections were performed using the TransMessenger
transfection reagent (Qiagen, Valencia, CA) optimized for DNA
transfection. For in situ hybridization, neurons were preincubated
with 5 lg/ml actinomycin-D for 30 min and then treated with
10 mM KCl for 3 h.
2.2. Plasmid construction
The BDNF cDNA fragment spanning nt 661–4252 of the se-
quence registered in GenBank (Accession number NM_012513)
was obtained by reverse transcription polymerase chain reaction
from total RNA isolated from the hippocampus of Wistar rats. Plas-
mid pEGFPst was constructed by inserting the annealed primers:
50-CCGGATAGATAACTGATGATATCAGCGGCCGC-30 (forward) and
50-AGCGGCCGCTGATATCATCAGTTATCTAT-30 (reverse) into the
BspEI site of the pEGFP-C1 vector (Clontech). The BDNF fragment
was inserted into the pBluescript II ks (+) and sequenced. The
expression vectors for reporter RNAs were constructed by inserting
the corresponding cDNA fragments with the addition of SacI and
KpnI sites, synthesized by PCR using the cloned BDNF cDNA frag-
ment as the template, into the pEGFPst vector. The plasmids for
probe synthesis used in the Northwestern blot analysis were con-
structed using pBluescript II ks (+). To produce CPEB-1-mRFP, the
mCPEB-1 cDNA fragment of the coding sequences registered in
GenBank (Accession number NM_007755) was obtained by reverse
transcription polymerase chain reaction from total RNA isolated
from the brain of C57BL/6 mouse. The fragment was inserted into
the pmRFP-N1 vector.
2.3. In situ hybridization and immunostaining
Non-radioactive in situ hybridization was performed as previ-
ously described [9]. Hippocampal neurons were ﬁxed for 15 min
in PBS containing 4% (w/v) paraformaldehyde, 2 mM MgCl2,
5 mM EGTA and 4% (w/v) sucrose at room temperature, irradiated
in a UV cross-linker (Stratagene) set to 120 mJ and permeabilized
with 0.1% (v/v) Triton X-100. They were then prehybridized for
2 h at 50 C in Rapid hybri buffer (Roche Diagnostics) containing
250 lg/ml herring sperm DNA and 250 lg/ml yeast tRNA. Hybrid-
ization was performed overnight at 50 C in the same solution con-Fig. 1. Schematic representation of the reporter RNA expression vectors. Expression cons
BDNF mRNA used to identify cis-acting elements involved in dendritic targeting. Subcellu
by ﬂuorescent in situ hybridization with a digoxygenin-labeled RNA probe complementtaining 500 ng/ml in vitro synthesized digoxigenin-labeled
riboprobe. After blocking the coverslips, the in situ signals were
detected by incubation with an anti-digoxigenin monoclonal
antibody (1:10 dilution; Roche Diagnostics) for 1 h at room
temperature. The coverslips were then incubated with Alexa 568
labeled goat anti-mouse IgG (1:500 dilution; Molecular Probes)
at 4 C for 1 h. To evaluate the maximum distance of dendritic
in situ staining from the cell body, images were binarized by
subtracting background intensity, traced using the LSM imaging
browser’s measuring tool, and statistically analyzed by the
Mann–Whitney U-test with GraphPad Prism 4 software.
2.4. Northwestern screening
To isolate RNA binding proteins which interact with BDNF
mRNA, northwestern screening was performed as previously de-
scribed [18]. Rat brain cDNA library constructed in the kZAPII vec-
tor was expressed in Escherichia coli strain XL-1 blue and screened
with the full length BDNF mRNA 30UTR probe. Brieﬂy, bacterial
cells were infected with the phages at 1  104 plaque forming units
(pfu)/plate, and incubated for 6–10 h at 37 C until lytic plaques
appeared. Nitrocellulose membranes were soaked in 20 mM IPTG,
overlaid on the plates, and incubated overnight at 37 C. Mem-
branes were dried for 5 min, and then washed four times in single
screening buffer (SB buffer) to remove bacterial debris. After the
prehybridization for 30 min in SB buffer supplemented with
0.1 mg/ml yeast tRNA, the 32P-labeled BDNF mRNA 30UTR probes
were added to give a ﬁnal activity of 0.5  106 c.p.m./ml, and incu-
bated overnight at 4 C. Non-speciﬁcally bound radioactivity was
removed by washing the membranes four times for 5 min in SB
buffer. The membranes were completely dried and exposed to X-
ray ﬁlm and putative positive clones were picked and puriﬁed to
homogeneity in a secondary and tertiary screening.
2.5. Biotinylated RNA pull-down analysis
For in vitro synthesis of biotinylated RNA probes, each template
plasmid was linearized with Acc65I to transcribe the corresponding
biotinylated RNAs using T7 RNA polymerase and biotin-UTP
according to the manufacturer’s instructions. Biotin pull-down as-
says were carried out as described below. Two hundred micro-
grams of cytoplasmic lysate from 14 day cultured neurons were
incubated with 1 lg of biotinylated RNA probe overnight, and
the biotinylated RNAs were isolated using 40 ll of ImmunoPuretructs containing the EGFP open reading frame, stop codons, and various regions of
lar localization of reporter transcripts in hippocampal primary neurons was detected
ary to EGFP sequences.
Fig. 2. Identiﬁcation of DTEs in BDNF mRNA. Cultured hippocampal neurons were transfected with the vectors shown in Fig. 1. Subcellular localization of reporter RNAs was
detected in KCl-treated (B) or untreated (A) neurons by ﬂuorescent in situ hybridization with digoxygenin-labeled probes complementary to EGFP sequences. CPEB-1-RFP co-
localizes with the reporter mRNA from pEGFPst-CDS30(1–326) in hippocampal neurons (C). Neurons transfected EGFPst-CDS-30UTR(1–326) were also stained with anti-MAP2
antibody (D). The scale bar represents 20 lm.
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Fig. 4. Contribution of CPEs in the short 30UTR of BDNF mRNA in dendritic
targeting. The short 30UTR sequences containing CPEs (A), and the reporter
constructs with mutated CPEs (B) are shown. Maximal dendritic staining was
measured and quantitatively evaluated (C and D). Signiﬁcant differences from
control are indicated (*P < 0.05; ***P < 0.001, Mann–Whitney U-test). Error bars
represent the standard error.
S. Oe, Y. Yoneda / FEBS Letters 584 (2010) 3424–3430 3427immobilized Avidin (Piece biotechnology) for 4 h. The bound pro-
teins were subjected to western blot using rabbit anti-CPEB anti-
body (H-300: Santa Cruz). The CPEB-1 bands were quantiﬁed
using NIH Image software.
3. Results
3.1. Identiﬁcation of DTEs of BDNF mRNA
To characterize DTEs in BDNF mRNA, we expressed reporter
mRNAs that contain various fragments of BDNF mRNA fused
downstream of the EGFP coding region in rat hippocampal primary
neurons (Fig. 1). Because it is known that the short and long iso-
forms of BDNF 30UTR are synthesized with differential cytoplasmic
polyadenylation, we initially divided BDNF mRNA into two subre-
gions: the sequence spanning from the open reading frame to the
short form of the 30UTR and the long form-speciﬁc sequence.
Expression vectors were introduced into 12 day cultured rat hippo-
campal neurons, and after 48 h in culture, we analyzed the subcel-
lular distribution of reporter mRNAs by in situ hybridization
(Fig. 2). To assess dendritic targeting, we performed a quantitative
statistical analysis by measuring the maximum distance from the
cell body to the site where the reporter mRNA was detected in
individual dendrites. In all experiments of in situ hybridization,
we selected the transfected neurons which expressed the EGFP suf-
ﬁciently, and possessed the apical dendrites longer than 120 lm.
As shown in Figs. 2A and 3A, we observed signiﬁcant dendritic tar-
geting of pEGFPst-CDS-30(1–326)-transfected neurons, whereas
pEGFPst-30(326–2842)-transfected neurons showed little dendritic
targeting activity. This indicated that the short form of the 30UTR
acts as DTE. We further divided BDNF mRNA into several subre-
gions to determine the minimal DTE. We found that pEGFPst-
CDS-30(1–166)-transfected neurons showed stronger dendritic dis-
tribution than pEGFPst-CDS-30(1–326)-transfected cells. Moreover,
pEGFPst-CDS-, pEGFPst-30(1–326)-, or pEGFPst-30(1–166)-transfec-
ted neurons showed similar dendritic distributions as control pEG-
FPst-transfected cells (Fig. 3A).
Next, we analyzed the subcellular distributions of reporter
mRNAs in neurons depolarized by treatment with 10 mM KCl.
The dendritic distribution of reporter mRNAs in pEGFPst-transfec-
ted neurons was not affected by depolarization. In contrast, distal
distribution was signiﬁcantly enhanced in pEGFPst-CDS-30(1–
326)-, pEGFPst-30(1–326)- and pEGFPst-30(166–326)-transfected
neurons upon depolarization. On the other hand, depolarizationFig. 3. Quantitative analysis of the dendritic targeting activity of reporter RNAs. After in
treated (B) or untreated (A) hippocampal neurons was measured and quantitatively e
Mann–Whitney U-test). Error bars represent standard error.had little effect on dendritic targeting of pEGFPst-CDS-30(1–166)
(Fig. 3B). The statistical analysis were performed by 12 indepen-
dent cultures, and about 100 apparently transfected neurons per
constructs, and we performed in situ hybridization together with
immunostaining with anti-MAP2 antibody. As shown in Fig. 2D,
we detected the granular signals only in dendrites of EGFPst-
CDS-30UTR(1–326)-transfected neurons which expressed EGFP
proteins, but not in neighboring non-transfected neurons. These
results indicated that BDNF mRNA contains two distinct DTEs: a
constitutive targeting element ranging from the protein coding re-situ hybridization, the maximal distance of dendritic staining from cell body in KCl-
valuated. ***Conditions with highly signiﬁcant differences from control (P < 0.001,
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ates proximal dendritic distribution under basal conditions, and
an activity-dependent targeting element in the latter 160 nucleo-
tides of the short 30UTR that accelerates distal dendritic localiza-
tion upon KCl-depolarization.
3.2. CPE-like sequences are required for dendritic targeting of BDNF
mRNA
To further characterize the DTEs, we screened a rat brain cDNA
expression library using the entire 30UTR region as a probe. We
identiﬁed several candidate clones from approximately 1  105
clones. In these candidate proteins, we focused on the cytoplasmic
polyadenylation element (CPE) binding protein (CPEB), which is
well characterized with respect to polyadenylation, translational
repression and transport of CPE-containing mRNAs in neurons
[19–21].
Therefore, we focused on the CPE motifs in the short 30UTR of
BDNF mRNA. We discovered three CPE-like sequences within the
30(1–166) and one CPE-like sequence at the end of the 30(166–
326) adjacent to the AAUAAA (Fig. 4A). To determine whether
these four sequences in fact behave as the DTEs, we generated mu-
tant constructs by eliminating each or all CPE-like motifs from
pEGFPst-CDS-30(1–326) (Fig. 4B) and analyzed the subcellular dis-
tribution of reporter mRNAs by in situ hybridization. As shown inFig. 5. KCl-depolarization enhances the interaction between CPEB-1 and the short 30UTR
pull-down assays using lysates derived from KCl-treated or untreated hippocampal neur
intensities was performed. The each blot intensities which subtract the no-speciﬁc blot in
Input represents CPEB-1 of the 1/10 lysate used in RNA pull-down assay. Signiﬁcant diff
represent the standard error.Fig. 4, mutants lacking each CPE-like sequence showed a similar
dendritic targeting capacity as compared to pEGFPst-CDS-30(1–
326). In contrast, when all CPE-like sequences were deleted, the
dendritic targeting activity was signiﬁcantly reduced both under
basal conditions (Fig. 4C) and KCl-depolarization (Fig. 4D). The mu-
tant lacking the CPE-like motif at the end of the 30(166–326)
showed a slight reduction in dendritic targeting capacity compared
to pEGFPst-CDS-30(1–326), but exhibited a signiﬁcant difference
from the mutant lacking all CPE-like sequences (Fig. 4D).
To elucidate whether these motifs are recognized as intrinsic
CPE, we investigated the interaction with CPEB-1, which is well
characterized with respect to polyadenylation, translational
repression and transport of CPE-containing mRNAs in neurons. As
shown in Fig. S1, we puriﬁed recombinant CPEB-1 protein and per-
formed Northwestern blotting using the radiolabeled RNA probes.
Recombinant CPEB-1 bound the RNA probe containing three CPE
repeats, but not to the mutant RNA probe in which the UUUUUAAU
CPE motifs were converted to UUUUUGGU. In addition, we found
that CPEB-1 strongly interacts with 30(1–326) and 30(166–326)
and weakly with 30(1–166). In contrast, CPEB-1 did not interact
with any fragments derived from the long 30UTR sequences,
although a polyadenylation site also exists at the end of the long
30UTR (Fig. S1B). These results indicated that the short form-spe-
ciﬁc CPE-like motifs are actually recognized by CPEB-1. To validate
the association between the short 30UTR of BDNF mRNA and CPEB-. The interaction between CPEB-1 and BDNF mRNA was veriﬁed by biotinylated RNA
ons. CPEB-1 was detected by western blotting (A). Quantitative analysis of the blot
tensities were normalized against input signal detected under normal condition. (B).
erences from control are indicated (***P < 0.001, Mann–Whitney U-test). Error bars
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say. As shown in Fig. S2A, BDNF mRNA and CaMKIIamRNA, which
is known to have two CPEs in its 30UTR, interact with CPEB-1,
whereas GFAP mRNA containing no CPE does not. Furthermore,
we observed co-localization of CPEB-1-mRFP with the reporter
mRNA in pEGFPst-CDS-30(1–326)-transfected neurons under basal
culture conditions (Fig. 2C), and of endogenous CPEB-1 with BDNF
mRNA (Fig. S2B). These results indicated that the CPE-like motifs
within the 30(1–326) are involved in both constitutive and activ-
ity-dependent dendritic targeting of BDNF mRNA.
3.3. Depolarization increases the recruitment of CPEB-1 to the activity-
dependent DTE
Next, we investigated whether the interaction between CPEB-1
and DTEs of BDNF mRNA is affected by KCl-depolarization. We per-
formed RNA pull-down assays using biotinylated RNA probes. Be-
cause the non-speciﬁc signals were detected in the absence of
any probes, we calculated the ratio of blot intensities as follows;
[(each blot intensity)  (non-speciﬁc blot intensity)]/(input blot
intensity on basal condition). The experiments were performed
four times. As shown in Fig. 5, the protein expression level of
CPEB-1 was not affected by KCl-depolarization. Consistent with
the observation of the distal dendritic targeting of reporter RNAs
transcribed from pEGFPst-CDS-30(1–326) and pEGFPst-30(166–
326), we found that while CPEB-1 weakly interacted with all bio-
tinylated RNA probes under basal conditions, the interaction with
the CDS-30(1–326) and the 30(166–326) was enhanced by depolar-
ization, but not CDS, CDS-30UTR(1–166), 30UTR(1–166), and
30(326–2842). These ﬁndings indicated that KCl-depolarization
speciﬁcally enhances the recruitment of CPEB-1 to the 30(166–
326) and suggest that CPEB-1 may contribute to the activity-
dependent dendritic localization of BDNF mRNA.
4. Discussion
In this study, we found that BDNF mRNA contains two distinct
DTEs, a constitutive and an activity-dependent targeting element.
In addition, we demonstrated that the serial CPE-like motifs within
the short 30UTR act as substantial cis-acting elements required for
dendritic targeting of BDNFmRNA in hippocampal neurons. In con-
trast to our ﬁndings, the speciﬁc targeting of BDNF mRNA bearing
the long 30UTR has been reported [15]. These distinct observations
may depend on experimental conditions of individual studies
including the BDNF gene species, transfection procedures and cul-
ture conditions such as the presence of actinomycin-D, which
inhibits new mRNA synthesis and inﬂuences the expression of
BDNF mRNA. Because previous studies reported the association be-
tween the enhancement of BDNF mRNA expression and the neuro-
nal activity, such as visual inputs in the visual cortex, kainic acid-
induced seizure, LTP-inducing tetanic stimulation, and application
of high K+ to cultured neurons [22], KCl treatment has a possibility
to inﬂuence not only the localization system but also the transcrip-
tion regulation of the BDNF mRNA. To investigate the interaction
between the KCl treatment and the localization of BDNF mRNA
accurately, we pretreated the actinomycin-D to neurons before
KCl treatment in in situ hybridization experiments.
In general, it is believed that 30UTR regions play critical roles in
dendritic mRNA localization. We found that under basal culture
conditions, the reporter RNAs transcribed from pEGFPst-CDS-
30(1–166) and pEGFPst-CDS-30(1–326) exhibit distal dendritic
localizations, whereas reporter RNAs lacking the CDS are retained
in the cell body. These results indicate that the protein coding re-
gion of BDNF mRNA also has some important roles on the constitu-
tive dendritic targeting of BDNF mRNA. It has been recently shownthat the single stranded DNA/RNA binding protein, translin, associ-
ates with the CDS of BDNF mRNA [16], suggesting that the protein
coding region and CPE-like motifs within the short 30UTR may be
co-operatively involved in the targeting of BDNF mRNA. Further-
more, the CPE-like sequences located within the 30UTR(1–166) also
have the probability to act as the AU rich elements (AREs), which
interact with AU rich element binding proteins such as KSRP,
HuD, and AUF1 [23], suggesting that these AU rich proteins may
also contribute to the localization of BDNF mRNA.
Collectively, although remains unclear how the interaction be-
tween CPEB-1 and its target mRNAs are enhanced in response to
extracellular stimulation, this is the ﬁrst study demonstrating that
serial CPE-like motifs are involved in activity-dependent as well as
constitutive targeting of speciﬁc mRNAs in hippocampal neurons.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.06.040.
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